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ABSTRACT 
. THERMOLYSIS STABILITY, REACTIVITY, AND STRUCTURAL STUDY OF 
A TIDOPEROXIDE-BRIDGED DIMOL YBDENUM(V) DIMER 
Ackim Madhuvu 
August 16, 2010 
Molybdenum-sulfur complexes have developed a lot of interest in the chemistry 
of metal-coordinated sulfur due to their importance in biological systems and in industrial 
processes like catalysis. For example, in biological processes molybdenum has been 
recognized as a very important metal in enzymes used for nitrogen fixation for over 60 
years. 
In this dissertation, the system of the imidodithiophosphate /l-carboxylato-
molybdenum(V) dimer was studied for crystal thermolytic stability and solution 
reactivity. M02(NTO)2(S2P(OEt)2)2(/l-02CR)(/l-SBn)(/l-SO) will be abbreviated as 
BnS{M02}SO, where R is CH3, CH2CH2CH3, C(CH3)3 or CH(OCH3)C6HS. 
In the crystal phase, the packing of BnS {M02} SO acetate allows the molecule 
to pair off on a close approach to allow nucleophilic attack on each other. The attack is 
reciprocal for each of the molecules in a pair. It is because of this juxtaposition, coupled 
with the inherent nucleophilic behavior of the S(O), which provides the solid state 
reaction at high temperatures. 
In solution reactions, the nucleophilic behavior of the (S)O in BnS{M02}SO with 
BuBr leads to the formation of the cation, [BnS{M02}SOBnt, which undergoes either 
de-benzylation to give [M02(NTO )2(S2P(OEt)2n(/l-02CMe )(/l-S)(Jl-SOBn)], or de-
esterification to give [Mo2(NTo)2(S2P=O(OEt» (S2P(OEt)2(/l-02CMe)(Jl-SBn)(Jl-SOBn)] 
v 
This was a one pot synthesis of S {Mo2} SOBn unlike in the synthesis of S {Mo2} SOEt or 
S {M02} SOMe which was a two pot process. 
vi 
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CHAPTER ONE 
INTRODUCTION 
Molybdenum-sulfur complexes are considered on~ of the most important metal-
sulfur systems. In nature, sulfur has a wide and extensive range of applications in 
biological, atmospheric, geochemical and cosmo chemical processes in addition to human 
and industrial processes.1,2 
A variety of metallosulfur complexes have shown much sulfur centered 
reactivity and several systems have been developed. Much of the interest from these 
systems was derived from the pivotal role of metallosulfur systems in a variety of 
catalytic applications. 3 
For over 60 years in biological processes, for example, molybdenum has been 
recognized as very important for bacterial nitrogen fixation.4 Other metals like tungsten 
have joined the congener molybdenum as a component of redox enzymes.5,6 In all types 
of molybdenum and tungsten enzymes, the coordination sphere 9f the group six element 
contains at least three of the heavier chalcogenide donors although sometimes this 
includes a lone selenium donor. 1bis presence of two or more sulfur (or sulfur and 
selenium) atoms in adjacent positions suggests the possibility of ligand redox processes. 
Such processes are illustrated in molybdenum and tungsten chalcogenide chemistry.l,2,7 
Ligand redox activity is illustrated by the reaction ofwsl- with the disulfide of 
1, l-dithiolate ligands shown ineq 1.1, while internal redox trends are illustrated by 
reactio~ ofMosl-, WSe4i -, vsi-, or ReS4-with the same disulfide. In both cases R= 
small alkyl group, such as ethyl or methyl. 
1 
(1.1) 
The organic disulfide acts as the oxidant, which is reduced to form the two 
dithiocarbamates that will be coordinated to W in the product. Two of the sulfido ligands 
on the metal act as the reducing agents, which are oxidized to give a disulfido (Sl) 
group that remains coordinated to the metal. The process involves solely ligand redox as 
the oxidation state of the tungsten does not change at all. Included among these are redox 
processes that involve as many as six electrons per W, which nevertheless, occurs 
without oxidation of the metal. 
In contrast to the ligand redox reactions, the reaction of tetrathiomolybdate with 
the same thiuram disulfides, shown in eq 1.2, gives a product in which the Mo is in 
oxidation state V. 
(1.2) 
Under the internal electron transfer, the molybdenum has been reduced by coordinated 
sulfide, which is oxidized to the disulfide. The remaining redox equivalents necessary to 
oxidize the sulfur come from the external oxidant, the thiuram disulfide. A key feature of 
this reaction is the internal electron transfer that occurs between S2- and the Mo(VI) ion. 
A substantial number of ligand redox processes occur in multisulfur molybdenum sites.8 
Another interesting feature about metallosulfur complex lies in the similarities of 
organic sulfenate ester counterparts (R'SOR) or of the closely related organic sulfoxides 
(R'S(=D)R) and sulfenic acids (R'SOH). Organic sulfoxides, R2S=0, are among the most 
numei·ous compounds which contain the S101 unit9-11 Studies have increased drastically; 
examples include reduction of metal complexes, oxidation of coordinated sulfur, 
protonation at coordinated sulfur, S-a1kylation and S-deakylation on metal-sulfur 
complexes. 11 
The R'S-OR sulfenate esters are less common when compared to their isomers, 
2 
the organic sulfoxides, R2S=O, due to their high reactivity. Some metal complexes with 
molecular sulfenate esters R'SOR, as ligands have been reported. 12 Among sulfur oxide-
metal complexes, the synthesis imd reactivity of sulfur dioxide-metal complexes have 
been most studied. Sulfur dioxide is a remarkable ligand. Its coordination properties are 
more diverse than any other small molecule.13 
[Ir(,l-S20Me)( dppe )2]2+ and [Ir(I-!\SOMe )(MeNC)( dppe )2]2+ were some of the 
:first transition metal thiosulfinate and sulfenate ester complexes to be discovered by 
Rauchfuss and co-workers14 and they modified the complexes by use of metal ions in 
future developments of alkyl-O-sulfenic acid derivatives. Since the discovery, metals 
have been used in the stabilization of species like alkysulfenates. While several dimetal 
sulfoxide analogs, M2(Il-S0), are known, their numbers, along with those of SO-bridged 
complexes of any nuclearity, MxS013-19, pale in comparison to the number of metal-S02 
complexes whose synthesis and reactivity have been extensively well developed.14,19,20 
Cysteine sulfenates are common and highly reactivt? cysteine sulfenate anions 
actually facilitate the study of nucleophilic reactivities by chelating to the metal. The 
metal-sulfur chemistry has been used to introduce chirality iri the organic sulfoxide 
molecule.3,23 
This dissertation deals with some chemistry of the SO functional group in a 
tbioperoxide-bridged molybdenum(V) dimer.21 This thesis is based on an M02S2 core 
wherein sulfur sites bridge two molybdenums. Additionally, an acetate also bridges 
while a dithiophosphate and a p-tolylimido group bind each molybdenum shown in 
Figure 1.1.25 
3 
Figure 1.1 The molybdenum(V) dimer core representation using stick diagrams 
. The art work is simplilied by truncation of ancillary ligands to give the simplified 
stick drawings illustrated in Figure 1.1. This anionic imido-dithiophosphato-carboxylato-
as [S{M02}Sr in this thesis. Other abbreviations in this thesis include: Bn = Benzyl, 
MP A = (R)-( -)-a-methoxyphenylacetic acid, [M04] = [Mo(NTo )(S2P(OEt)2)(P.-S)]4 and 
To = p-tolylimido. Other compounds with the M02S2 core, but with a different kind of 
carboxylate bridging group, generalized as M02(NTo )2(S2P(OEt)2n(Jl-02CR)(p.-SBn)(Jl-
SO), will be abbreviated as BnS{M02}SO; this may be followed by the name of the 
carboxylate bridge, as shown in Figure 1.2. Unless otherwise indicated, the carboxylate 
bridge is acetate. 
The nucleophilic behavior ofBnS{M02}SO leads to O-alkylation and formation 
of the thioperoxide ligand, ROS-. For example, in the case of the Bn+ electrophile, the 
abbreviated as S{M02}SOBn. 
The three-coordinate sulfur bridges in these compounds are pyramidal, and this 
makes inversion isomers possible. These compounds in solution typically do show such 
isomers, and these are listed as distal and proximal. The distal or proximal designations 
are assigned relative to the p-tolylimido ligands. Thus, S{MD2}SOBn has two inversion 
isomers as shown in Figure 1.3. 
4 
Bn 
"III/'""y /M:i~s/ ~ 
'b 
o~o 
BnS{Mo2}SO acetate 
BnS{Mo2}SO pivalate 
Sn 
"1I1/s,,,IIV 
/MO"'S/M '--.... 
\'0 
BnS{MOz}SO :rvIPA 
·Sn 
,,-III/S~~V 
/MIO~s/ "-
\'0 0yo 
BnS{MOz}SO butyrate 
Figure 1.2: Stick diagram of other M02S2 core compounds 
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III 
___ III M~ s/ OBn S--Mj 
proximal distal 
Figure 1.3 Invertomers ofS{M02}SOBn 
Chapter Two compares some of the solid reactions of BnS {Mo2} SO derivatives. 
The comparisons were based on steric effect, chirality and electron withdrawa1Jdonating 
groups. Previous work showed that BnS{M02}SO compounds demonstrated nucleo-
philicity by attacking a neighboring molecule in its lattice. The mechanism is intelmolec-
ular and it involves mutual attack between neighboril;tg molecules within the crystal 
lattice. Chapter Three looks at some solution reactions of BnS {M02}SO which lead to the 
synthesis ofS{M02}SOBn from BnS{Mo2}SO and BnBr. This chapter also looks at a 
dimer ofdimers ofS{M02}SOBn which is [S{Mo2}SS{Mo2}SOBnt. The structure of 
[S{SM02}SS{Mo2}SOBnt is compared to that of [BnS {M02} SOEtt and 
S{Mo2}SS{Mo2}S. 
6 
CHAPTER TWO 
DECOMPOSmON STUDIES OF SO BRIDGED DIMOL YBDENUM(V) DIMER 
[Mo2(NTo)z(S2P(OEt)z)z{Jt-02CR)(p.-SBn)(p.-SO)], BnS{Moz}SO 
2.1 Introduction 
BnS{:M:D2}SO, Figure 1.2, was previously reported to be thermally and photo-
chemically unstable.26 The compound was reported to have very good solution stability, 
giving ~ 1-2% decomposition after six days in CDCh. Photolysis of a solution in CDCl3 
in anNMR tube gave 1-2% reaction after 16 hours in a 12-in., 32-W fluorescent ling 
lamp. BnS{M02}SO underwent a very slow and clean reaction in the solid state. The 
compound furthermore decomposed quickly while standing after evaporation from 
solution (either air dried or from rotavapping). The compound was reported to 
decompose faster as a crystalline solid than when it was in solution.26 S02-bridged 
BnS {M02} S02, however, was very light sensitive and it presented as an impurity in 
BnS{M02}SO which resulted in reduction of the BnS{M02}SO. This was clear evidence 
that the BnS {M02} SO bridging group greatly influenced the stability of the 
BnS {M02} SO.15 The essence of this work was to check different BnS{M02}SO 
compounds with different thiolate or carboxylate bridging groups and see how their 
stability is influenced by these bridging groups. 
Different BnS{M02}SO compounds and the MeS{M02}SO acetate compound 
were synthesized and compared for their thermolytic stabilities. Prior work by former 
researchers on crystal-phase reactions ofBnS{M02}SO showed that only temperature had 
an effect on the decomposition and there was no effect from light or storage atmosphere. 
For example, a sample that had been stored in a vacuum at normal room conditions 
7 
.Figure 2.1: Nucleophilic faceoffbetween adjacent molecules in the crystal structure of 
BnS{M02} SO. The dashed lines connect oxygen from the SO bridge of one molecule to a 
dithiophosphate a-carbon on the adjacent molecule. Only one interaction is labeled, but 
interactions are reciprocal. 
decomposed 14% after 159 days, while a sample that had been air exposed in the freezer 
did not react in the same time. The decomposition at room temperature was ~ 1 % in 7 
days. 
The decomposition product was [M02(NTo )2(S2P(=O)(OEt))(S2P(OEt)2)(J.l-
02CMe )(J.l-SBn)(j.l-SOEt)], abbreviated as BnS{M02(P=0) }SOEt. The reaction is 
tantamount to isomerization: one dithiophosphate ethyl group ends up attached to the 
oxygen of the bridge SO moiety. The mechanism for this reaction is intermolecular and it 
involves mutual attack between neighboring molecules within the crystal lattice. 26 The 
packing ofBnS{M02}SO acetate (Figure 2.1) revealed that the molecules pair off in close 
approach to nucleophilic attack upon each other. The neighboring molecules are related 
by inversion. The oxygen atom of one molecule's SO bridge is 3.52(1) A from the (1-
carbon of the ethyl group of a dithiophosphate ligand of the adjacent molecule. This 
distance is close to simple van der Waals contacts (3.37 A 22) and the angle of approach, 
O···C-o, is 166(1)°, giving correct orientation for a backside attack. This attack was 
reciprocal for each of the molecules in the pair. It is because of this juxtaposition, 
8 
coupled with the inherent nucleophilic behavior of the bridge S(O), which provides for 
the solid state reaction. Though the reactions are slow at room temperature, 
decomposition is hastened at elevated temperatures. For example, decomposition was 
50% after two days of heating at 60° C and 10% at 97° C for 30 min. 
In the present work, the pivalate and butyrate were selected to test for steric 
hindrance. (R)-( -)-a-methoxyphenylacetate (MJ> A) was used to check the effect of 
chirality on decomposition. By reacting the:MPA derivative of BnS {M02} SO, we expect 
to get both R,R and R,S chiral products of BnS {M02(P=0) }SOEt l\1P A, which should be 
seen in the NMR. Also MeS{M02}SO acetate and BnS{M02}SO acetate were used to 
see how electron emiching and electron withdrawal groups influence the solid state 
reactions of these compounds. 
2.2. Experimental Section 
The MeS{M02}SO acetate and BnS{M02}SO acetate were prepared in similar 
manner as previously reported?6 m-chloroperbenzoic acid was prepared for use by 
drying a small portion «1 g) of the commercial impure reagent (containing water and m-
chlorobenzoic acid) in a desiccator for several days; the peracidJacid content of each 
portion was then assessed from the IH NMR spectrum and this was converted to mass 
percentage. In all m-chloroperbenzoic acid preparations used in the present work, the 
mass percentage was 87%. The silica gel was Davisil grade 644. Except when indicated, 
operations were carried out in open air. The 31p and IH NMR spectra were obtained on a 
Varian InovaSoo spectrometer; results were relative to external 85% H3P04 and internal 
Me4Si, respectively. Values for the minor invertomers are given in parentheses when they 
were confidently discernible. 
[Moz(NTo )z(~P(OEt)z)z(I1-0zCCM~)(I1-SBn)Ut-S)]; BnS{Moz}S pivalate 
[Mo4] (0.2088 g, 0.1248 mmol) was dissolved in 2.5 mL benzene; Me3CCOOH 
9 
(0.0332 g; 0.325 mmol) was added followed by BnCI (38 ilL; 0.33 mmol). The 
subsequent addition of base Et3N (44 ilL; 0.31 mmol) resulted in the solution turning 
brown. The solution was stirred for ~ 70 min after which it appeared light brown. The 
solution was rotavapped, then chased twice with THF, rotavapping each time. 2.1 mL of 
THF were added to dissolve the residue. 1.2 mL of EtOH:H20 were added to precipitate 
the product, followed by 0.6 mL of H20. The slurry was filtered and washed with 2.1 
EtOH:H20, then dried. Crude yield was 0.1616 g; 63%. Recrystallization involved 
dissolving 0.1616 g of crude BnS{Mo}S pivalate in 3.2 mL M~CO. The product was 
precipitated with 2:1 MeOH:H20, filtered, washed with 3:1 MeOH:H20 and then suction 
dried (0.0970 g; 38 % pure yield). The IHNMR spectrum of BnS{M02}S pivalate gave 
the following (in ppm): 7.71 d, (7.64 d), 7.48 t, (7.38 t), Bn-H; 6.71 d, (6.54 d), (6.52 d), 
6.40 d, To-H; (4.42 s), 3.39 s, Bn-CH2; 4.25 m, 4.01 m, POCH2; (2.12 s), 2.03 s, To-CH3; 
1.37 t, (1.32 t), (1.19 t), 1.14 t, POCCH3; 0.69 s, (0.56 s), C(CH3h The 31p NMR 
spectrum of BnS{M02}S pivalate gave the following results (in ppm): 116.0, (115.8). 
[M02(NTO)2(S2P(OEth)2(11-02CCMe3) (11-SBn)(l1-S0)]; BnS{Mo2}SO pivalate 
A solution ofBnS{M02}S pivalate (0.0917 g; 0.0891 mmol) in 2.2 mL Me2CO 
was chilled in an ice water bath. A solution of 87 % m-chloroperbenzoic acid (0.0177 g; 
0.089 mmol) in 0.8 mL ofMe2CO was chilled. To the solution ofBnS{Mo}S pivalate, 
Me3CC02H (0.0364 g; 0.356 mmol) and HBF4 (23 uL; 0.18 mmol) were added in close 
succession. The solution of m-chloroperbenzoic acid was then added dropwise; two rinses 
each of about 0.2 mL Me2CO were used to facilitate transfer of the m-chloroperbenzoic 
acid. The solution turned light yellow upon addition. After approximately three minutes 
of stirring, NaHC03 (0.0605 g, 0.720 mmol) in 1.5 mL H20 was then added slowly, 
causing the color to turn olive. After being removed from the ice bath, additional water 
10 
was added dropwise and the solution was stirred for an additional five minutes. The 
mixture was allowed to settle; the supernatant was decanted and the slurry was washed 
with 1:2 Me2CO:H20 (6 mL). The slurry was filtered and the solid was suction dried to 
produce an olive solid (0.0899 g; 97 % crude yield). 
Crude product (0.0899 g) in 4.5 mL CH2Ch was stirred with 0.9000 g silica gel 
for several minutes and the mixture was filtered. Additionally, 6.8 mL CH2Ch was used 
to wash the silica gel fraction. The orange silica gel fraction was washed slowly with 9 
mL ofMe2CO which removed the product, giving an olive filtrate and an off-white silica 
gel remainder. The filtrate was rotavapped; the residue was dissolved in 3 mL of EtOH 
and the product was precipitated slowly with 3.1 mL H20. The product was filtered, 
washed with 1:2 EtOH:H20, and then dried (0.0643 g; 69 %). The product was stored in 
a freezer to avoid thermal decomposition. The IH NMR spectrum ofBnS{Mo2}SO 
pivalate in Figure 2.2 gave the following (in ppm): (7.68 d), 7.61 d, 7.47 t, 7.38 t, Bn-H; 
(6.83 d), (6.72 d), 6.55 d, 6.41 d, To-H; (4.42 s), 3.57 s, Bn-CH2; 4.26 m, 3.96 mPOCH2; 
2.03 s, To-CH3; 1.37 t, 1.18 t, POCCH3; 0.84 s, (0.73 s), C(CH3)3. The 31p NMR in 
Figure 2.3 gave the following results (115.4 ppm), (115.1 ppm), 114.5 ppm. 
[M02(NTO )z(SzP(OEth)z(JI.-02CCH(OMe)C6Hs){Jt-SBn)(p,-S)]; BnS{Mo2}S MP A 
[Mo4] (0.6280 g; 0.3753 mmol) was dissolved in 10 mL benzene; MP A (0.1630 g; 
0.9800 mmol) was added followed by BnCl (0.11 mL; 0.96 mmol). Addition of base 
Et3N (0.13 mL; 0.94 mmol) resulted in the solution turning brown. The solution was 
stirred for ~ 70 min after which it appeared light brown. The solution was rotavapped and 
chased twice with THF, rotavapping each time. 2.1 mL ofTHF was added to dissolve the 
residue. 1.2 mL of 2: 1 EtOH:H20 was added to precipitate the product, followed by 0.6 
mL of H20. The slurry was filtered; the solid was washed with 2:1 EtOH: H20 and then 
dried (0.7840 g; 96 % crude yield). 
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The recrystallization involved dissolving 0.7840 g of crude BnS{Mo2}S MP A in 
3.2 mL Me2CO. The product was precipitated with 2:1 MeOH:H20, filtered, washed with 
3:1 MeOH:H20, and then suction dried (0.6280 g; 76 % pure yield). The IHNMR 
spectrum of BnS{M02}S MPA gave the following (in ppm): (7.64 d), (7.43 t), 7.35 t, 
7.28 d, Bn-H; 7.15 t, 7.06 t, 6.87 d, phenyl-H; (6.77 t), (6.57 d), 6.50 d, 6.39 t, To-H; 
(4.61 m), 4.31 m, 4.08 m, (3.85 m), POCH2; 3.94 s, (3.79 s), Bn-CH2; 3.16 s, (2.99 s), 0-
CH3; 2.87 d, 2.69 d, a-C-H; 2.13 s, 2.14 s, To-CH3; 1.46 t, 1.39 t, 1.21 t, 1.18 t, POCCH3. 
The 31p NMR spectrum gave the following results (in ppm):115.5, (115.4), (115.3) and 
115.2. 
[Mo2(NTO)2(S2P(OEt)2)2(P.-0 2CCH(OMe)C6Hs)(p.-SBn)(p.-SO)]; BnS{Mo2}SO 
MPA 
. A solution ofBnS{Mo2}S MPA (0.6280 g, 0.575 romol) was dissolved in 4.4 mL 
Me2eO in an ice water bath. A solution of 87 % m-chloroperbenzoic acid (0.1140 g; 0.57 
mmol) in 1.2 mL ofMe2CO was also chilled. To the solution ofBnS{Mo2}S MP A, MP A 
(0.3820 g; 2.290 romol) andHBF4 (16 uL; 0.12 mmol) were added in close succession. 
The solution of m-chloroperbenzoic acid was added dropwise; two rinses each of about 
0.5 mL M~CO were used to facilitate transfer of the m-chloroperbenzoic acid. The 
solution turned pale orange upon the addition of m-chloroperbenzoic acid. After 
approximately three minutes of stirring, NaHC03 (0.3860 g, 4.600 romol) in 2.5 mL H20 
was then added slowly, causing the color to turn olive. 
After being removed from the ice bath, additional H20 was added dropwise and 
the solution was then stirred for an additional five minutes. The mixture was allowed to 
settle; this was decanted and washed with 1:2 Me2CO:H20 (6 mL). The product was 
filtered and suction dried to produce a brown solid (0.7280 g, 73 % crude yield). Crude 
product(0.7280 g) in 30 mL CH2Ch was stirred in 7.250 g silica gel for several minutes 
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and the mixture was the fIltered. Additionally, 9.9 mL CH2Ch was used to wash the silica 
gel fraction. The pale yellow silica gel fraction was then washed slowly with 13 mL of 
Me2CO which removed the product, giving a dark black illtrate and off-white silica 
get remainder. The illtrate was rotavapped. The residue was dissolved in 1.7 mL ofEtOH 
and the product was precipitated slowly with 1 mL H20. The product was washed with 
1:2 EtOH:H20, fIltered and dried. The product was a purple crystalline solid and was 
stored in a freezer to avoid thermal decomposition (0.6030 g, 95% pure yield). The IH 
N1\1R spectrum in Figure 2.4 of BnS{M02} SO MP A gave the following (in ppm): 7.34 t, 
7.28 d, 7.21 d, Bn-H; 7.08 t, 7.02 d, 6.80 d, phenyl-H; 6.53 d, 6.41 d, To-H; (4.36 s), 
3.42, Bn-CH2; (4.44 m), (4.32 m), 4.18 m, 4.03 m, 4.00 m, POCH2; 3.44 s, 0-CH3; 3.10 
d, 2.60 d, a-C-H; 2.05 s, 1.96 s, To-CH3; 1.45 t, (1.24 t), 1.19 t, (1.12 t), POCCH3. The 
31p N1\1R spectrum at Figure 2.5 gave the following results (in ppm): (114.8), 114.2 and 
113.7. 
[M02(NTo )2(S1Y(OEt)2h(p,-0 2CPr)(f.t-SBn)(p,-S)]; BnS{Mo2}S butyrate 
[M04] (0.2090 g, 0.1249 mmol) was dissolved in 5 mL benzene; PrCOOH (29.7 
~L, 0.325 mmol) was added followed by BnCI (37.5 ~L, 0.326 mmol). The subsequent 
addition of base Et3N (43.5 ~L, 0.313 mmol) resulted in the solution turning brown. 
The solution was stirred for 70 min after which it appeared light brown/dark red. 
The solution was rotavapped, then chased twice with THF, rotavapping each time. 0.4 
mL ofTHF was added to dissolve the residue. 1.2 mL of EtOH:H20 were added to 
precipitate the product, followed by 2 mL of H20. The product was fIltered and washed 
with 2: lEtOH:H20, and then dried (0.1713 g; 68 % crude yield). The recrystallization 
involved dissolving 0.1713 g of crude BnS{Mo}S butyrate in 3.2 mL Me2CO. The 
product was precipitated with 2: 1 MeOH:H20, fIltered, rinsed and washed with 
3:1 MeOH:H20; this was dried to give an orange solid (0.0918 g;"36 % pure yield). The 
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IH NMR spectrum ofBnS{M02}S butyrate gave the following (in ppm): (7.66 d), 7.62 d, 
7.49 t, (7.36 t), Bn-H; (6.72 d), (6.58 d), 6.51 d, 6.41 ~, ToH; (4.39 s), 3.43 s, Bn-CH2; 
4.23 m, 4.15 m, POCH2; (2.12 s), 2.03 s, To-CH3; 1.541:, 02CCH2; 1.36 t, (1.25 t), (1.21 
t), 1.19 t, POCCH3; 1.15 sextet, (0.98 sextet), 02CCCH2; 0.621:, (0.58 t), 02CCCCH3. 
The 31p NMR spectrum ofBnS{M02}S butyrate gave the following results (in ppm): 
(115.4), 115.2. 
[M02(NTO )2(S2P(OEth)2(1l-02CPr){J.l-SBn)(Il-S0) 1; BnS{Mo2}SO butyrate 
A solution ofBnS{M02}S butyrate (0.0847 g, 0.0835 mmol) was dissolved in 2.2 
mL M~CO in ice water bath. A solution of 87 % m-chloroperbenzoic acid (0.0624 g, 
0~32 mmol) in 1.2 mL of Me2CO was also chilled. To the solution ofBnS{Mo}S 
butyrate, PrC02H (31uL, 0.34 mmol) and HBF4 (22 uL, 0.17 mmol) were added in close 
succession. m-chloroperbenzoic acid was added dropwise; two rinses each of about 0,3 
mL Me2CO were used to facilitate transfer of the m-chloroperbenzoic acid. The solution 
turned pale orange upon addition. 
After approximately three minutes of stirring, NaHC03 (0.0561 g, 0.670 mmol) 
in 2.0 mL H20 was then added slowly, causing the color to turn red. After being removed 
from the ice bath, additional water was added dropwise and the solution was stirred for an 
additional five minutes. The mixture was allowed to settle, the supernatant was decanted 
and the slurry was washed with 1:3 Me2CO:H20 (6 mL). The slurry was filtered and the 
solid was suction dried to produce a brown color (0.0859 g, 99% crude yield). 
The crude product of BnS {M02} SO butyrate (0.0859 g) was dissolved in 4.3 mL 
CH2Ch and stirred with 0.9050 g silica gel for several minutes. The mixture was filtered. 
Additionally 6.4 mL CH2Ch was used to wash the silica gel fraction allowing the 
unreacted BnS{M02}S butyrate to pass through the silica while BnS{M02}SO butyrate 
remained attached to the silica gel. 
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The yellow silica gel fraction was washed slowly with 9 mL ofMe2CO which 
removed the product, giving an olive filtrate and an off-white silica gel remainder. The 
filtrate was rotavapped; the residue was dissolved in 2.2 mL of EtOH and the product 
was then precipitated slowly with 2.7 mL H20. The product was washed, filtered with 1:3 
EtOH:H20, and dried. The product was a dark green solid and was stored in a freezer to 
avoid thermal decomposition (0.0652 g; 76% pure yield). The IH NMR spectrum in 
Figure 2.6 gave the following (in ppm): (7.65 d), 7.61 d, 7.47 t, 7.38 t, Bn-H; (6.82 d), 
(6.75 t), 6.59 d, (6.51 d), 6.40 d, To-H; (4.42 s), 3.55 s, Bn-CH2; 4.25 m, 3.55 m, POCH2; 
(2.18 s), (2.11 s), 2.03 s, To-CH3; 1.83 t, 02CCH2; 1.34 t, 1.15 t, POCCH3; 1.25 m, 
02CCCH2; .0.73 t, (0.62 t), 02CCCCH3. The Nl\1R results for 31p in Figure 2.7 gave the 
following results (in ppm): (114.5), 113.9. 
Decomposition 
For each experiment, approximately 20 mg of each BnS{M02}SO derivative were 
put into separate NMR tubes. The ~amples were thermolyzed as dry solids for 2 hand 8 h 
in a warm water bath at 60° C. After the 2 h and the 8 h time frame, the NMR tubes were 
removed from the water bath and allowed to cool to room temperature. Approximately 
0.7 mL ofCDCh was added to eachNMR tube and 31P NMR spectra were obtained to 
see the levels of decomposition. The 31p spectrum shown in Figures 2.8 to 2.17 show 
different levels of decomposition for the 2 h and 8 h period. 
Results 
Synthesis of the new BnS{M02}SO derivatives was done in the same manner as 
the synthesis of BnS {M02} SO acetate but, in place of MeCOOH reagent, other organic 
acids were used thereby giving other R derivatives. In the case ofPrCOOH (butyric acid) 
the R group is Pro In the case ofMe3CCOOH (pivalic acid), the R group is Me3C. Using 
MP~ C6HSCH(OMe) is the R group. In the case ofMeS{M02}SO acetate, the R group 
15 
was Me similar to BnS{M02}SO acetate, but in this case the benzyl thiolate group was 
substituted by methyl thiolate. 
As previously done, BnS{M02}SO acetate was prepared from the oxygenation of 
the sulfide bridge ofBnS{M02}S using 87% m-ch!oroperbenzoic acid in Me2CO at 0° C 
in the presence of excess acid. Separation of the BnS{M02}SO acetate from unreacted 
BnS{M02}S and small amounts of other impurities was done by binding BnS{Mo2}SO 
acetate to silica gel in CH2Ch while impurities wash through. The desired BnS{M02}SO 
was then released from the silica gel with Me2CO. The reaction equation is given in eq 
2.1. 
( 2.1) 
This peroxide reaction is carried out in excess MeC02H and HBF 4 to avoid a second 
oxygenation of the BnS {M02} SO acetate to give BnS {M02} S02 acetate. Furthennore, 
addition of excess MeC02H is to avoid substitution of the carboxylate bridge from the 
dimolybdenum core.23 Neutralization with NaHC03 gives the dark olive BnS{M02}SO. 
All BnS{M02}SO compounds and the MeS{M02}SO acetate compound, with the 
exception of BnS{M02}SO MPA, underwent similar decomposition by dealkylation ofa 
diethyl dithiophosphate ligand, to produce the neutral complex RS{M02(P=O)}SOEt, 
which contains two dithiophosphate ligand types, (EtO)2PS2 - and EtO(0)PSl-?4,25 As 
explained earlier in this chapter, the RS{M02}SO compounds attack each other and the 
rate of the reaction of these compounds in the crystal phase is greatly influenced by their 
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arrangements. The closer the oxygen of one molecule's SO bridge to the a-carbon of an 
ethyl group of a dithiophosphate ligand of the adjacent molecule, then the easier is the 
back side attack. Eq 2.3 shows the solid state reaction of a pair ofBnS{M02}SO 
molecules. 
BnS{M02}SO + BnS{M02}SO • 2 BnS{M02(p0)}SOEt (2.3) 
From the results in Table 2.1, the stability is in the order (from lowest to greatest) 
MeS{M02}SO acetate < BnS{M02}SO pivalate < BnS{M02}SO acetate < BnS{M02}SO 
butyrate < BnS{M02} SO MP A. In comparing different carboxylate bridges in structures 
ofBnS{M02}SO MPA, BnS{M02}SO pivalate, BnS{M02}SO acetate and BnS{M02}SO 
butyrate, sterlc bulkiness may be another factor influencing the rate of decomposition. 
BnS {M02} SO MP A did not decompose at 60° C for 8 h . The sterlc bulk of 
BnS{M02}SO MP A could hinder the 0 atom of one molecule's SO from approaching 1;he 
a-carbon of an ethyl group of a dithiophosphate ligand on the adjacent molecule. Further 
thermolysis at a higher temperature of 100° C for 2 h. however, suggested that it first 
formed BnS{M02}S based on the 31p NMR spectrum in Figures 2.19 at the end of the 
Chapter. The 31p spectrum in Figure 2.19 of the thermolysed BnS{M02}SO MPA at the 
end of the chapter showed peaks at 115.5 and 115.2 ppm which correspond to the 31p 
NMR spectrum of the BnS{M02} S MP A If we were to use bulkness as a justification 
of these results since bulkiness hinders the nucleophilic attack, the order of bulkiness is 
BnS{M02}SO pivalate > BnS{M02}SO butyrate> BnS{M02}SO acetate; this would be 
the sequence we would expect to see for the thermolysis stability. 
If we were to use to aqueous ~ values to justify this trend; the Kb value for the 
acetate is 5.6 x 10-10, that of the butyrate is 6.6 x 10-10 and the Kt, value of the pivalate is 
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Table 2.1: Thermolysis Studies of BnS {M02} SO compounds 
Compound 
BnS{Mo2}SO acetate 
BnS{Mo2}SO pivalate 
BnS{Mo2}SO MPA 
BnS{Mo2}SO butyrate 
MeS{M02}SO acetate 
% decomposition after 
2 h of thermolysis 
2.3 (± 0.2) 
7.4 (±O.l) 
o 
o 
19.9 (±1.3) 
% decomposition after 
8 h of thermolysis 
6.9 (±0.2) 
7.8 (±0.2) 
o 
5.3 (±0.1) 
48.1(±1.2) 
1 x 10-9, we would expect that the one with the highest Kb will be the least stable. There 
is a general tendency that the greater the Kb, the greater the tendency for ligand electron 
donation. Presently, however, the actual sequence of thermos is stability is contrary to this 
as the orderis BnS{M02}SO butyrate> BnS{M02}SO acetate> BnS{M02}SO pivalate. 
The reason for this sequence could be due to a combination of factors which include 
electron releasing, sterle bulkiness and arrangement in solid state. Without the crystal 
structure of these compounds it is very difficult to explain this trend. As for the 
MeS{M02}SO acetate, besides having the greatest decomposition, the 31p spectrum also 
suggests the presence of another product being formed during decomposition at 81.5 ppm 
and 114 ppm that could not be identified. By reacting the MP A derivative of 
BnS {M02} SO we expected to get both ~ R and ~ S chiral products of 
BnS{M02(P=O)}SOEtMPA, but this was not the case as the BnS{M02}SO MPA did not 
undergo de-ethylation as we expected. Thus, the ~ R and R, S chiral products of 
BnS{M02(P=0)}SOEt were not seen in the NMR. 
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In conclusion, the oxygen of the S(O) is nucleophilic in crystalline phase whilst 
the ethyl of the diphosphate ligand is electrophilic. In this crystalline phase, 
BnS{M07.}SO compounds followed the same mechanism by which BnS{M02}SO 
compounds demonstrated nucleophilic behavior, with the exception of BnS{M02} SO 
MP A for which the reaction mechanism is unknown. These experiments were not done in 
solution phase as previous work on these compounds proved that they were relatively 
stable in solution.26 It would have been interesting to compare their thermolysis stabilities 
in polar and non polar solvents. 
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CHAPTER THREE 
SYNTHESIS OF BENZYL TIDOPEROXIDE BRIDGED MOL YBDENUM(V) 
DIMER [M02(NTO )2(S~(OEt)2h(JI-02CMe )(JI-S)(JI-SOBn)] 
3.0 Introduction 
As stated in the previous chapter, the BnS{Mo2}SO compounds are considerably 
nucleophilic both in the crystalline phase and in solution. As another example, they react 
with alkyl halides, RX, in polar solvents such as (CD3)2CO to give O-alkylation, eq 3.1, 
which will lead to the formation of cationic [BnS {M02} SORt complexes. This alkylation 
reaction gives a thioperoxide linkage which is definitive by isolation and characterization 
of these complexes. 
+ 
+ RX - + x 
(3.1) 
The studies of these compounds, however, are complicated by secondary 
reactions. The cations that are formed, which are now electrophilic, are vulnerable to 
nucleophilic attack by the by-products which include the halide anion, X-. Prior studies 
have shown that bis(thio-late-bridged) cations of the general formula [R'S{Mo2}SR"] + 
were activated towards nucleophilic attack. The charge of the cationic complex is 
delocalized which could be the reason why they are subject to nucleophilic attack in two 
pathways. This is illustrated for the present complexes in Figure 3.1 by paths m and n?6,31 
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Figure 3.1 Structure ofRS{Moz}SOR' cation 
In path m, the nucleophile attacks the bridge thiolate at the a-carbon, breaking the 
C-S bond and thus producing a sulfide bridge. This offers a neutral compound, 
Previous work on these compounds showed a successful synthesis and isolation of 
S{M02}SOEt and S{Mo2} SOMe through a two pot reaction.25,26 In these cases, isolation 
of the intermediate cations required the use of relatively non-nucleophilic counter-ions. 
Triflate esters were used for the reaction with BnS{Mo2}SO to give BnS {M02} SOR+ 
CF3S0-, R= Me or Et (eq 3.2 and 3.3). 
(3.2) 
S{M02}SOR (R = Me, Et) were prepared from the debenzylation of the cations 
BnS{Mo2}SOR+, eq 3.3. Various nucleophiles were examined for enhancing the 
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selectivity of S {M02} SOR over de-esterification, path n. PPNT proved to be the most 
useful reagent for synthetic purposes. 
In the competing path n, there is· a nucleophilic attack on either dithiophosphate 
ligand at either of the ethyl groups, cleavipg the c-o bond; this is irreversible de-
esterification of a dithiophosphate ligand within the cationic complex to give 
[M02(NTO )2(S2P=O(OEt»(SzP(OEt)2) (~-02CMe )(p.-SBn)(p.-SOR)], designated 
BnS{M02(P=O)}SOR The product contains a dianionic, mono ethyl, dithiophosph.ate 
ligand, (EtO)P(=O)Sl-. 
In the present work, S{M02}SOBn was synthesized from BnS{M02}SO using 
BnBr through a one pot process instead of the two pot process shown by eq 3.2 and 3.3. 
S{M02}SOBn is synthesized through the alkylation of BnS{M02}SO by BnBr forming 
the intermediate cation [BnS {M02} SOBnt, which then either undergoes debenzylation 
or de-esterification. The proposed sequence is shown in Scheme 3.1. 
3.1 Experimental Section 
The synthesis of BnS {Maz} SO followed that given in Chapter 2. 
[Mo2(NToh(S2P(OEthh(fl-02CMe)(fl-S)(fl-SOBn)], S{Mo2}SOBn. 
To a stirring solution ofBnS{Mo2}SO (0.0996 g, 0.0993 mmol) in 2 mL Me2CO 
was added BnBr (47 ~L, 0.40 mmol). The solution was stirred for 2.9 h, after which the 
product was precipitated with 1: 1 EtOH:H20 (6 mL). The precipitate was filtered and 
washed with 1:1 EtOH:H20 and then suction dried to ~ve a red/orange powder (0.0570 
g; 57%). IHNMRin Figure 3.3 shows (in ppm): 7.46 t, 7.29-7.39 m, Bn-H; (6.56 d), 6.54 
d., 6.45 d, (6.32 d), To-H; (5.22 s), 5.13 s, Bn-CH2; 4.18 m, 4.09 m, POCH2; 2.08 s, (2.06 
s), To-CH3; 1.32 t, (1.23 t), 1.22 t, POCCH3; (1.21 s), 1.04 S, 02CCH3. Invertomer ratio: 
40 
+ 
BhBr-
+ Br 
de-esterification 
de-benzylation 
Scheme 3.1. Proposed mechanism of S{Mo2}SOBn formation 
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3.9. 3lp NMR in Figure 3.4 gave the following results (ppm): 115.0, (114.9). 
[Mo4(NTO)4(S~(OEt)z)4S3(02CMe)z(SOBn)](BF4), [S{Mo2}SS{Mo2}SOBn]BF4 
The reaction was carried out in subdued, indirect light. A solution of 
S{Moz}SOBn (0.0755 g, 0.0753 mmol) in 0.8 mL ofMe2CO was treated with 48% HBF4 
(5.0 ilL, 0.038 mmol). The solution was stirred for 6 hours and rotavapped, and the 
residue was dissolved in minimum CHzCh. The solid was then precipitated with 1:1 
petroleum ether: EtzO (2.4 mL). The precipitate was filtered and washed with 1: 1 
petroleum ether: EtzO and then dried (0.02241 g, 30 %). The main product, 
[S{MOz}SS{Moz}SOBn]BF4 was identified by comparison with the NMR data of 
[S{Moz}SS{Moz}SOCH3t.Z5 lHNMR on Figure 3.5 gave the following (ppm): 7.46 d, 
7.29-7.39 m, BnH; 7.05 d, 6.90 d, 6.48 d, 6.47 d, ToH; (5.55 s), (5.53 s), 5.49 s, BnCH2; 
4.00-4.30 m POCHz; (2.21 s), (2.16 s), 2.14 S, 2.11 S, To-CH3; 1.18 s, (1.15 s), (1.02 s), 
OzCCH3; 1.341, 1.30 t, 1.231, POCCH3. 3lp NMR (in ppm) in Figure 3.6 shows the 
following: 114.0, (113.9), (109.9),109.2. 
Crystallography. A crystal of [S{M02}SS{Moz}SOBn]BF4 was grown by the 
following procedure: Approximately 6 mg [S{Moz}SS{Moz}SOBn]BF4 were mixed 
with benzene. CHCb was added until it dissolved and this was allowed to evaporate open 
to air over several days. Blocks of crystals were collected for X-ray crystallography. Data 
collection and structure solution were conducted by Dr. M.S. Mashuta, University of 
Louisville. Crystal data and experimental details are given in Tables 3.1-3.6. An ORTEP 
view is in Figure 3.8. 
3.2. Results 
BnS{M02}SO + BnBr --+ [BnS {Moz} SOBnt + Br - -+ S{M02}SOBn + BnBr (3.4) 
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The reaction of eq 3.4 shows that the oxygen bonded to the sulfur bridge is nucleophilic 
and attacks the benzyl carbon ofBnBr breaking the C-Br bond. The intermediate cation 
then undergoes either of two possible reaction pathways through de-benzylation or de-
esterification. 
As an example, the reaction ofBnS{M02}SO with four equivalents of benzyl 
bromide after 3 h in Me2CO showed the presence of the cation, [BnS{Mo2}SOBnt, the 
de-ethylation product, [BnS {M02(P=O)} SOBn] and the de-benzylation product, 
S{M02}SOBn. There was no evidence of reactant, BnS{M02}SO, after this time frame. 
This is supported by 31p NNfR in Figure 3.9. The presence ofBnS{M02(P=O)}SOBnis 
shown in the 31p :Nlv1R spectrum by peaks at 72-74 ppm and 111-113 ppm. The product 
S{M02}SOBn is at 115.8 ppm and the cation [BnS {M02} SOBnt is at 112.6 ppm. The 
BnS{M02(P=O)}SOBn decomposition product did not precipitate from 1:1 EtOH:H20. 
[S{Mo2}SS{Mo2}SOBn1BF 4 
2 S{M02}SOBn + HBF4 ---+ [S{M02}SS{M02}SOBn]BF4 + BnOH (3.5) 
Different inorganic acids were tried to see how they reacted with S {M02} SOBn. 
The acids included HCI, H2S04, CF3S03H and HBF4. All except HBF4showed that the 
acid anion was substituting the acetate bridging group. The reaction of excess HBF 4 with 
S{M02}SOBn was done in subdued, indirect light, as noted previously. The site of 
protonation could either be at S or 0 due to basicity of both atoms. Protonation at 
oxygen, being more reactive, will lead to the S{M02}SOH(Bnt intermediate cation. The 
intermediate, S{M02}SOH(Bnt cation will dissociate to generate the cation, [S{M02}St 
and BnOH. The production of the [S{M02}St intermediate cation would then constitute 
an extra step to the whole process (Scheme 3.2). 
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The IH NMR spectrum in Figure 3.5 showed the presence of the bis-dimer 
product [S{M02}SS {M02} SOBnt as shown by two singlets for To-CH3 from both 
dimers at 2.14 ppm and at 2.11 ppm; this evidence is further supported by the presence of 
the Bn-CH2 in one dimer at 5.49 ppm. The presence of a dimer of dimers is additionally 
supported by the presence of a singlet of the 02CCH3 bridge which is at 1.20 ppm. At 
least four sets of multiplets are visible in the region 4.00-4.45 ppm which corresponds to 
POCH2. Figure 3.6 shows the 31p NMR spectrum of [S {M02} ss {M02} SOBnt with 
peaks at 114.0, (113.9), (109.9) and 109.2 ppm. 
[S{M02}SS{M02}SOBn]BF4 is photosensitive. To demonstrate this, 
approximately 30 mg of [S{M02}SS{M02}SOBn]BF4 in CDCh was photolysed for 2 hrs 
with visible light The NMR spectrum in Figure 3.7 shows the photolysed 
S{M02}SS{M02}SOBnt products at 115.0 ppm and 115.1 ppm, and at 108.5 ppm and 
107.9 ppm. The 31p NMRresults suggest that the 115.1 ppm peak corresponded to 
neutral S{M02}SS{M02}S and the 108.9 ppm peak would be tentatively assigned to 
cationic [BnOS{M02}SS{M02}SOBnf+. (Scheme 3.3) 
The crystal structure of [S{M02}SS{M02}SOBnt proved the presence of two 
different dimers co-joined by an S-S bridge. The crystal data, experimental details, 
selected positional parameters, bond lengths and angles can befound in Tables 3.1 to 3.6 
at the end of this chapter. The bis-dimer, [S{M02}SS{M02}SOBntconsists of two 
structurally different dimers linked by the disulfide linkage which makes it unusual as it 
comprises both a neutral dimer, [S{M02}S-] and a cationic dimer, [-S{M02}SOBnt. 
Due to the functionalized sulfur bridges, there are up to eight possible invertomers for the 
final products as shown in Figure 3.10. The cation portion, [-S{M02}SOBnt, was 
compared with the cation, [BnS{M02}SOEtt which had been characterized by prior 
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researchers26, while the neutral portion of S{M02} SS {M02} SOBnt was compared to 
S{M02}SS{Maz}S which also had been characterized by prior researchers.32 For easier 
comparison the cation potion of the bis-dimer will be represented as [-S{M02}SOBn]+, 
while the neutral portion will be represented as [S{M02}S-]. Parameters that were 
compared include bond lengths and bond angles. Furthermore, to make the comparison 
easier between structures, some atoms of the original ORTEP of [BnS{M02}SOEtt and 
S{M02}SS{M02}S have been renumbered so t,hat they would correspond to the 
numbering system used for [S{M02}SS{M02}SOBnt. 
The general feature of these three compounds is as follows. Looking at the MazS2 
cores of [-S{M02}SOBnt and [BnS{M02}SOEtt, one can see that they are very close to 
planarity with dihedral angles (S(I)-Mo(I)-Mo(2)-S(2» of 176.75(3) and 175.85(8t. 
Generally all Mo-S bond lengths on the same plane with the /l-S-ligand of the 
[-S{M02}SOBnt dimer are similar to the Mo-S bond lengths of [BnS{M02}SOEtt. 
Other comparable features include the S(1)-O(7) bond lengths that are 1.6502(19) and 
1.655(2) A, and and O-C (alkyl) bond lengths which were 1.431(4) and 1.466(8) A. The 
angles at 0 were 113.7 (5) and 115.79(18) o. The sulfur is pyramidal in both cases" with 
the sum of the angles at S(1) at 287.2(2) ° and 287.4(3) o. The S(2)-S(7) disulfide bridge 
is 2.0884(9) A and that of S{M02}SS{Mo2}S is 2.075(2) A. which means that the cation 
attached to the [S{Moz}S-] did not seem to have much effect on the core structure of the 
molecules. Another interesting feature is that both bonds.were within the range for 
organic sulfides (2.03-2.08 A), closer to aryl disulfides and longer than alkyl 
disulfides.35,36 The results also seem to agree with the order of relative strength of these 
bonds based on previous study of the photochemistry of these compounds?S,37 
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Scheme 3.2: Proposed stepwise mechanism of [S{M02}SS{Mo2}SOBnt formation 
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Discussion 
The cation [BnS {Mo2} SORt is reactive and can undergo de-benzylation to give 
S{M02}SOBn or the cation can undergo de-ethylation to produce BnS{M02(P=O)}SOBn 
which is the decomposition product. The reaction is very time sensitive due to the two 
competing reactions. During a series of timed experiments it was determined that the 
maximum amount of S {M02} SOBn relative to BnS {M02(P=0)} SOBn was produced at 
approximately three hours of reaction ofBnS{M02}SO using four-fold BnBr. Additional 
time resulted in more BnS {M02(P=O)} SOBn. A major improvement over previous 
preparations of the methyl and ethyl derivatives S{M02}SOMe and S{M02}SOEt was 
that those were synthesized from the cations, [BnS{M02}SORt, while in the present 
work, it proved possible to synthesize the benzyl derivate S{M02}SOBn directly from 
BnS{M02}SO, by reacting with excess benzyl bromide. Everything was done in one pot 
which avoided the isolation of the cation, [BnS {M02} SOBn t. The ability to isolate 
S{M02}SOBn cleanly through this route was due to the facile kinetics of benzyl 
displacement. 
The compound, S{M02}SOBn, is structurally close to S{M02}SOCH3 and 
S{M02}SNH2. Since the bridging sulfur is bonded to highly electronegative atoms, this 
will create a partial positive charge on the sulfur and partial negative charge on the 
nitrogen and oxygen atom.27 Just like S{M02}SOCH3, S{M02}SOBn showed the usual 
ligand sets but no definitive S-O vibration when characterized by IR spectroscopy. 
Chi Minh Tuong treated S {M02} SOCH3 with HBF 4, though he did not obtain 
crystal data to support the structure [S{M02} SS {M02} SOCH3t (eq 3.6). The IHNMR 
spectrum of the product supported the idea that a bis-dimer of S{Mo2}SOCH3 had been 
formed.25 June Lee treated the amide nitrogen of S {M02} SNH2 with HBF 4·0Et2 and a 
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compound that was formed was identified as bis-dimer [S{M02}SS{Mo2}SNH2t as 
shown by eq 3.7.33 This shows that all three of these related compounds were capable of 
forming bis-dimer because of the electronegativity of the substituent in J..l-S-Z. 
III 
S_IIIMo_s 2 -M~- \ 
'IJ NI-12 
+ CIDOH 
+ 2 HBF4.0Et 2 ---
+ 
Previous photolysis studies of S {M02} SSR compounds showed that the 
(3.G) 
(3.7) 
compounds were prone to photohomolysis forming SR· and M02S· radicals?4,28,29 
hv 
+ RSSR (3.8) 
The overall step of this reaction is the homolysis of the S-S bond by hv as shown in eq 
3.8. The termination step involves the recombination step that produces the disulfides 
shown by eq 3.9 and 3.10. 
2RS· RSSR 
The R group influences the ~ate at which the {M02}SSR photolysed. Aryl 
precursors are more reactive than alkyl precursors and that increases the rate of 
photolysis with visible light. This could possibly be due to the stabilization of the 
resonance that aryl thiyl radicals can have.25 The {M02}SSR compounds are 
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(3.9) 
(3.10) 
photosensitive, which is why the reaction had to be carried in subdued indirect light. 
Me2eO was used as solvent for the formation of [S {M02}SS{M02}SOBnt from 
S{M02}SOBn. The proposed reaction is shown in Scheme 3.2. The site of proto nation of 
the S{M02}SOBn is the oxygen due to its basicity. The sulfur could be another possible 
site, however it is less electronegative than the oxygen. The presence of the two lone 
pairs would reinforce the basicity of the oxygen. It is suggested that the S{M02}SOBlift 
dissociates to generate S {M02} S + and BnOH. The .production of S {M02} S+ electrophile 
will lead to its attack by S {M02} SOBn nucleophile leading to the formation of dimer of 
dimers. 
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CONCLUSION 
Whilst it proved possible to synthesize different BnS{M2}SO derivatives, there is 
no clear explanation to the trend in their decompositions. The reason could be due to a 
combination of factors which include steric bulkiness, Kb values and their arrangements 
in crystalline phase. Without the crystalline phase of each of these compounds it is 
difficult to give a clear explanation to these results. 
The synthesis of methyl and ethyl derivatives which are S{M02}SOMe and 
S{M02}SOEt were synthesized through a two pot synthesis by prior students, how 
ever, in this work the synthesis of the benzyl derivative, S{M02}SOBn, was done 
directly from BnS{M02}SO with excess benzyl bromide in a one pot synthesis. 
The protonation of S{M02}SOBn by a strong inorganic acid like HBF4 occurred 
at the S-O bond's oxygen. It produced the bis-dimer, [S{M02}SS{M02}SOBn]BF4. This 
reaction was conducted in subdued, indirect light. The neutral portion of this bis-dimer 
had bond angles and bonding distances that were similar to those of S {M02} ss {Mo2} S 
and the cation portion of the bis-dimer also gave very comparable results of bonding 
distances and bonding angles when compared to [BnS {M02} SOEtt that had been 
synthesized by prior researchers. 
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Figure 3.7. 31p spectrum of photolysed S{Mo2}SS{Mo2}SOBn+ 
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Figure 3.9 31p spectrum taken during the reaction of BnS{Mol}SO and BnBr 
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Scheme 3.3: Proposed mechanism of [S{Mo2}SS{Mo2}SOBntraclical reactions 
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Figure 3.10. Possible isomers of the cation, [Mo2SSMo2S0Bnt 
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Table 3.1: Crystallographic data for [SJMo2}SS{Mo2}SOBn]BF4 
Formula 
FW 
Space group 
a 
b 
c 
a 
f3 
r 
Volume 
Density (calculated) 
Absorption coefficient 
Reflections collected 
Independent reflections 
C55 HSI M04 N4 0 13 P4 S12 B F4 C6 H6 
2063.52 
P21/n 
13.48583(19) A 
31.4779(4) A 
19.7888(3) A 
90°. 
93.4618(13)°. 
90° 
8385.1(2) A3 
1.635 Mglm3 
1.025 mm-I 
68625 
19188 [R(int) = 0.0238] 
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Table 3.2. Selected Positional Parameters for [8 {Mo2}88 {Mo2 }80Bnt 
Atom X Y Z U(eq) 
Mo(l) 9056(1) 1543(1) 1376(1) 17(1) 
Mo(2) 7171(1) 1144(1) 1596(1) 17(1) 
Mo(3) 8140(1) 1277(1) 4244(1) 18(1) 
Mo(4) 9731(1) 1814(1) 3897(1) 18(1) 
8(1) 7631(1) 1495(1) 570(1) 20(1) 
8(2) 8643(1) 1158(1) 2404(1) 16(1) 
8(3) 10813(1) 1538(1) 1852(1) 24(1) 
8(4) 9957(1) 1766(1) 358(1) 27(1) 
8(5) 6459(1) 615(1) 2370(1) 27(1) 
8(6) 5729(1) 872(1) 868(1) 26(1) 
S(7) 8304(1) 1612(1) 3124(1) 17(1) 
S(8) 9388(1) 1567(1) 4976(1) 24(1) 
S(9) 7474(1) 1068(1) 5355(1) 27(1) 
8(10) 6368(1) 1054(1) 3887(1) 26(1) 
S(11) 10846(1) 2286(1) 4616(1) 31(1) 
S(12) 10275(1) 2358(1) 3035(1) 25(1) 
P(1) 11224(1) 1690(1) 927(1) 24(1) 
P(2) 5327(1) 550(1) 1678(1) 24(1) 
P(3) 6239(1) 874(1) 4843(1) 26(1) 
P(4) 11006(1) 2654(1) 3806(1) 30(1) 
0(1) 9382(1) 910(1) 1048(1) 21(1) 
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Table 3.3. Selected Bond Angles (deg) for [S {M02} SS {M02}SOBnt and 
[BnS {Mo2}SOEtt 
[BnS {Mo2} SOEtt 
S(1)-Mo(2)-S(2) 107.34(17) 107.9(65) 
N(1)-Mo(1)-O(l) 172.61(9) 175.1(2) 
S(5)-Mo(2)-S(6) 79.47(7) 79.09(2) 
O(1)-Mo(1)- N(1) 172.61(9) 175.1(2) 
Mo(1 )-S(1)-Mo(2) 72.33(5) 73.14(3) 
Mo(1 )-S(l )-0(7) 106.87(18) 107.28(8) 
S(1)-Mo(1)-S(2) 107.65(2) 107.60(6) 
Mo(2)-S(1 )-0(7) 108.18(19) 106.00(7) 
Mo(1)-S(2)-Mo(2) 72.30(5) 71.803(19) 
S(1 )-Mo(1 )-Mo(2)-S(2) 176.85(8) 176.75(3) 
Mo(2)-S(1 )-0(7)-C(25) 175.8(4) 152.3(2) 
Mo(l )-S(1 )-0(7)-C(25) 107.8(4) 130.8(2) 
C(25)-O(7)-S(1 ) 113.7(5) 115.79(18) 
Sum of angles at S(1) 287.4(3) 287.2(2) 
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Table 3.4. Selected Bond Angles (deg) for [S {Mo2}SS {M02} SOBnt and 
S{1102}SS{M02}S 
[S{M02}SS{M02}SOBnt S{M02}SS{1102}S 
S(8)-Mo(3)-S(7) 106.76(2) 106.69(4) 
Mo(3)-S(8)-Mo( 4) 74.89(2) 75.16(4) 
Mo( 4)-S(7)-110(3) 70.303(19) 70. 74 (4) 
S(8)-Mo(3 )-S(9) 80.90 (3) 80.70(4) 
S(7)-Mo(3)-S(9) 90.15(2) 90.58(4) . 
S(9)-Mo(3)-S(10) 77.98(2) 77.76(5) 
N(4)-Mo(4)- 0(9) 173.31(9) 172.1(2) 
N( 4)-Mo( 4)-Mo(3) 99.35(7) 99.4(1) 
S(8)-Mo( 4)-S(7) 106.87(2) 106.29(3) 
0(8)-Mo(3)-Mo( 4) 82.83(5) 82.09(6) 
N(3)-Mo(3)-0(8) 170.43(9) 172.0.(9) 
Mo(3)-S(8)-Mo( 4) 74.89(2) 75.16(4) 
S(7)-Mo(3)-S(10) 90.15(2) 88.72(4) 
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Table 3.5. Selected Bond length (A) for [S{Mo2}SS{M02}SOBnt and 
BnS {M02} SOEtt 
[S {Mo2} SS {Mo2}SOBnt [BnS{Mo2}SOEtt 
Mo(l)- Mo(2) 2.8920(3) 2.8807(5) 
Mo(1)- S(1) 2.4276(7) 2.4378(17) 
Mo(1)-S(2) 2.4593(7) 2.4454(18) 
Mo(2)-S(1) 2.4436(19) 2.4260(7) 
Mo (2)-S (2) 2.4724(7) 2.4382 (17) 
Mo(1)-S(4) 2.5152(8) 2.5144(19) 
Mo(2)-S(5) 2.4922(7) 2.4969(19) 
Mo(2)-O(2) 2.1459(17) 2.169(5) . 
Mo(2)-S(6) 2.5007(7) 2.495( 2) 
Mo(l)-N(1) 1.735(2) 1.721(6) 
'. 
Mo(2)-N(2) 1.736(2) 1.718(6) 
Mo(l)-O(1) 2.1499(17) 2.156(4) 
Mo(2)-O(2) 2.1459(17) 2.169(5) 
S(1)-0(7) 1.655(5) 1.6502(19) 
O(7)-C(25) 1.431(4) 1.466(8) 
S(6)-P(2) 1.9994(11) 1.998(3) 
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Table 3.6. Selected Bond length (A) for [S{Mo2}SS{Mo2}SOBnt and 
S{Mo2}SS{Mo2}S 
Mo(3)- N(3) 1.732(2) 
Mo(3)- 0(8) 2.2256(17) 
Mo(3)-S(8) 2.3381(7) 
Mo(3)-S(7) 2.4770(7) 
Mo(3)-S(9) 2.5125(8) 
Mo(3)-Mo(4) 2.8469(3) 
Mo(4)-N(4) 1.737(2) 
S(9)-P(3) 1.9929(11) 
0(1)-C(15) 1.270(3) 
N(l)-C(1) 1.384(6) 
N(2)-C(8) 1.389(3) 
Mo(4)-S(8) 2.3442(8) 
N(3)-C(32) 1.384(3) 
S(2)-S(7) 2.0884(9) 
P(3)-S(10) 1.9914(11) 
S(2)-S(7) 2.0884(9) 
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1.731(4) 
2.222(3) 
2.338(1) 
2.459(1) 
2.509(1) 
2.8534(4) 
1.729(4) 
1.995(2) 
1.255(5) 
1.391(3) 
1.387(5) 
2.341(1) 
1.384(6) 
2.075(2) 
1.995(2) 
2.075(2) 
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Me 
Et 
Bn 
To 
Ph 
Dppe 
PPW 
MPA 
[M04] 
BnS{Mo2}SO 
S{Mo2}SOBn 
APPENDIX 
LIST OF ABBREVIATIONS 
Methyl 
Ethyl 
Benzyl 
p-tolyl 
phenyl 
1,2-bis( diphenylphosphino) ethane 
Ph3PNPPh3+ 
(R)-( -)-a-methoxyphenylacetic acid 
[M:o(NT 0 )(S2P( OEt)2)(1l-S)]4 
Mo2(NTo )2(S2P(O Et )2)2(f.l-02CR)(f.l-SBn)(f.l-SO) 
M02(NTO )2(S2P(OEt)2)2(f.l-02CCH3)(f.l-S)(f.l-SOBn) 
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